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Supplementary Discussion 
  

Regarding Scheme 1:    
    In terms of Scheme 1, the dirigent protein (DIR) and pinoresinol-lariciresinol reductase (PLR) genes are striped 

red-and-black because homologs of these two genes could possibly be present in Nicotiana benthamiana. For ShDIR, 

the top BLAST hit against the predicted Nicotiana benthamiana proteome shares 58.55% identity and is predicted to 

be a dirigent protein. For ShPLR, the top BLAST hit against the predicted Nicotiana benthamiana proteome shares 

75.96% identity and is predicted to be a bifunctional pinoresinol-lariciresinol reductase. Additionally, our previous 

work1 showed that N. benthamiana indeed had low levels of secoisolariciresinol, the product of PLR, endogenously. 

We did not, however, see any sign of endogenous matairesinol, the next intermediate in the pathway that is generated 

by secoisolariciresinol dehydrogenase (SDH). 

 

Regarding experiments involving candidate laccases: 
    In addition to investigating the role of the dirigent protein in improving pathway yields in the beginning stages of 

our work, we also tested candidate laccases (Table S4) to determine whether or not the oxidative enzymes already 

present in N. benthamiana are sufficient to accommodate the additional coniferyl alcohol flux. When tested in planta 

alongside the DPT pathway, neither candidate laccase resulted in a significant improvement to DPT yield compared 

to a GFP control, whether or not coniferyl alcohol was also added exogenously (Figure S13). This supports the 

hypothesis that coniferyl alcohol monomer supply and stereoselective coupling are the key limiting factors, rather than 

actual monomer oxidation process. 
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Supplementary Methods 
 
Note: Parts of this section are adapted from Lau and Sattely 20151 as indicated and appear here for clarity. 

 

Chemicals 
Coniferyl alcohol was purchased from Ark Pharm. (–)-Deoxypodophyllotoxin and (–)-yatein, used for standard 

curves, were isolated from Anthriscus sylvestris in previous work.1 (–)-matairesinol, (–)-pluviatolide, and (–)-

bursehernin were prepared as described previously.1 CDCl3 and C6D6 NMR solvents were purchased from Cambridge 

Isotope Laboratories. 

 

RNA-Seq co-expression analysis and coniferyl alcohol biosynthetic gene candidate selection 
We utilized the S. hexandrum RNA-Seq data and transcriptome generated in previous work1 to select coniferyl alcohol 

biosynthetic gene candidates. The transcriptome was first mined for transcripts that had been annotated as laccases or 

as any of the eight core coniferyl alcohol biosynthetic genes by blastx using the Arabidopsis thaliana proteome (The 

Arabidopsis Information Resource, TAIR) as a database. From this list, up to three transcripts per core gene were 

selected based on correlation to the DIR transcript expression profile. For the laccases, the top transcript (30060) had 

a Pearson’s r of 0.93 for correlation to DIR expression, while the next two transcripts (1843 and 5587) had values of 

0.86 and 0.85. It was determined through analysis of the sequences that these latter two transcripts correspond to the 

same gene. Both of the two identified candidate laccase genes were ultimately tested (LAC1 = 30060, LAC2 = 

1843/5587). For the coniferyl alcohol biosynthetic gene candidates, correlation to the expression profiles of PLR, 

SDH, CYP719A23, O-methyltransferase (OMT) 3, CYP71CU1, OMT1, and 2-oxoglutarate/Fe(II)-dependent 

dioxygenase (2-ODD) transcripts was then analyzed for each of the selected transcripts. Of the top three or fewer 

candidates for each gene, the single transcript whose expression profile most highly correlated, on average, with the 

expression profiles of the DIR transcript and the other seven gene transcripts was chosen. Notably, the only enzyme 

for which this selection differed from the transcript that had the highest expression profile correlation with solely DIR 

was CAD (Table S2). Comparison to CYP71BE54 and CYP82D61 expression profiles was not carried out as these 

enzymes were not found in the transcriptome generated in previous work, but rather in an online transcriptome dataset 

from the S. hexandrum rhizome. The full-length genes from the selected transcripts were predicted from overlapping 

transcripts in the transcriptome, and it was determined that each of the eight selected genes’ predicted proteins are 

>70% identical on the amino acid level to the respective characterized coniferyl alcohol biosynthetic genes from A. 

thaliana (Table S3). 

 

Cloning of coniferyl alcohol biosynthetic genes and laccase candidates from S. hexandrum 

cDNA 
Phusion High-Fidelity DNA Polymerase (Thermo Scientific) was used for all PCR amplification steps according to 

the manufacturer’s instructions. All other enzymes used for cloning were purchased from New England BioLabs. 

Oligonucleotide primers were purchased from Integrated DNA Technologies. Plasmid DNA was isolated from E. coli 

cultures using the QIAprep Spin Miniprep Kit (Qiagen). For a list of primers used for cloning, see Table S5. All gene 

sequences were amplified from S. hexandrum cDNA template generated in previous work.1 Purified amplicons were 

inserted into pEAQ-HT2 (kanamycin resistant) plasmid digested with AgeI and XhoI in an isothermal DNA assembly 

reaction, as described by Gibson et al.3 The assembly reaction mixtures were used directly to transform E. coli cells, 

and the isolated plasmids harboring the desired insert were confirmed by Sanger DNA sequencing performed by Elim 

Biopharmaceuticals, Inc.  

 

For the genes encoding 4CL, HCT, C3H, CCoA-OMT, CCR, CAD, and the two laccases, E. coli TOP10 cells 

(Invitrogen) were used for plasmid isolation prior to transformation into A. tumefaciens. DNA excised from agarose 

gels was purified using the Zymoclean Gel DNA Recovery Kit (Zymo Research).  

 

For the genes encoding PAL and C4H, E. coli NEB 5 cells (New England BioLabs) were used for plasmid isolation 

prior to transformation into A. tumefaciens. DNA excised from agarose gels was purified using the “freeze-squeeze” 

method.4 
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Transient expression in N. benthamiana for non-isolation experiments 
pEAQ-HT constructs were transformed into Agrobacterium tumefaciens (GV3101) using the freeze-thaw method.5 

Transformants were grown on LB plates containing 50 µg/mL kanamycin and 30 µg/mL gentamicin at 30 °C. Cells 

were resuspended in 1 mL of LB medium. The suspension was centrifuged at 8000 g for 10 min., and the supernatant 

was removed. The pellet was resuspended in 10 mM MES buffer, pH = 5.6, 10 mM MgCl2, 150 µM acetosyringone, 

and incubated at room temperature for two hours. Total OD600 of the A. tumefaciens strain mixture suspensions was 

held at 0.6 (except for the experiment in which various total OD600 values were tested, the experiment in which 

different infiltration-to-harvest times were tested, in which the total OD600 was 3.0, and the experiments for large-

scale production and isolation, in which total OD600 was also 3.0), with each of the individual strains being present at 

equal concentration unless otherwise noted. A. tumefaciens suspensions were infiltrated into the underside of N. 

benthamiana leaves with a needleless 1 mL syringe. Plants were grown for five to six weeks under a 16 hour light 

cycle prior to infiltration. Leaves were harvested five days post-Agro.-infiltration (except for the experiment in which 

various infiltration-to-harvest times were tested and the large-scale production/isolation experiments, in which leaves 

were harvested 7 or 9 days post-agroinfiltration), flash frozen in liquid nitrogen, and stored at -20 °C for later 

processing. Biological replicates consisted of one leaf from each of three different tobacco plants. Infiltrated leaf areas 

typically showed some signs of chlorosis (yellowing); leaves expressing GFP as a control also showed a similar 

phenotype. 

 

For substrate feeding studies, 200 µM of coniferyl alcohol (unless otherwise noted) in 0.1% DMSO in water was 

infiltrated into the underside of previously agroinfiltrated leaves with a needleless 1 mL syringe four days post-

agroinfiltration. Substrate infiltration was no more difficult than A. tumefaciens suspension infiltration. Leaves were 

harvested one day later, flash frozen, and stored at -20 °C for later processing. 

 

For all cases in which DIR was not itself tested as a factor in the experiment, a single strain of A. tumefaciens harboring 

the pEAQ-HT-GG:DIR-PLR-SDH construct from earlier work1 was used. For experiments in which DIR was itself 

tested as a factor, separate strains harboring expression constructs for DIR, PLR, and SDH were used. In all 

experiments in which the target product was (–)-deoxypodophyllotoxin or a downstream metabolite, a single strain of 

A. tumefaciens harboring the pEAQ-HT-GG:CYP719A23-OMT3 construct from earlier work1 was used. 

 

Metabolite extraction 
Frozen leaf tissues were lyophilized to dryness (24-48 hours). The samples were homogenized on a ball mill (Retsch 

MM 400) using 5 mm diameter stainless steel beads, shaking at 25 Hz for 2 min. 20 µL of an 80:20 MeOH/H2O 

solution was added per milligram of dry tissue, and the mixture was heated at 65 °C for 10 min. and then filtered 

through 0.45 µm PTFE filters before liquid chromatography-mass spectrometry (LC-MS) analysis. 

 

For glycosylated derivatives of (–)-matairesinol and (–)-pluviatolide, an acid hydrolysis protocol was followed as 

previously described with slight modifications.6 The methanol extracts were dried under nitrogen, resuspended in an 

equal volume of 1M HCl aqueous solution, and heated at 95 °C for 2 h. The acid hydrolysis products were extracted 

into equal volumes of ethyl acetate three times, and the combined organic layer was dried under nitrogen, re-dissolved 

in 80:20 MeOH/H2O, and filtered for LC-MS analysis.  

 

LC-MS analysis of metabolite extracts 
Metabolomics samples were analyzed by reversed-phase chromatography on an Agilent 1260 HPLC, using a 5 µm, 2 

× 100 mm Gemini NX-C18 column (Phenomenex). Water with 0.1% formic acid (A) and acetonitrile with 0.1% 

formic acid (B) were used as the mobile phase components at a flow rate of 0.4 mL/min. with the following 41 min. 

gradient: 0-30 min., 3-50% B; 30-31 min., 50-97% B; 31-36 min., 97% B; 36-37 min., 97-3% B; 37-41 min., 3% B. 

A coupled Agilent 6520 Accurate-Mass Q-TOF ESI mass spectrometer was used to collect MS data in positive ion 

mode (parameters: mass range: 100-1700 m/z; drying gas: 300 °C, 1 L/min.; nebulizer: 25 psig; capillary: 3500 V; 

fragmentor: 150 V; skimmer: 65 V; octupole 1 RF Vpp: 750 V; 1000 ms per spectrum). The first minute of each run 

was discarded to avoid salt contamination of the MS apparatus. For tandem mass spectrometry (MS/MS) analysis, 5, 

10, 20 and 40 V collision energies were used with an m/z window of 1.3 centered on the m/z analyzed. Unless 

otherwise noted, MS/MS spectra shown are at 10 V collision energy. 

 

Standard curves for (–)-deoxypodophyllotoxin based on UV absorption at 280 nm and ion abundance, and for (–)-

yatein and (–)-morelensin based on ion abundance, were constructed and used to quantify amounts produced in N. 
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benthamiana. UV absorption at 280 nm and ion abundance were determined by manual integration of UV or extracted 

ion chromatogram (EIC) traces, respectively, using MassHunter Qualitative Analysis software. For (–)-

deoxypodophyllotoxin, the standard curve generated from UV absorption at 280 nm was not utilized for yields less 

than 50 µg/g of plant dry weight, as UV signal for concentrations lower than this was not well-defined for integration. 

For yields lower than this, standard curve generated from ion abundance was used, as this curve was linear for yields 

in this range. 

 

Statistical analysis of yield results 
Remarks about data significance come from the results of Welch’s unequal variance t-test. Comparisons resulting in 

a p-value of <0.05 were interpreted as a sign of a significant difference between the two sets being compared, while 

comparisons resulting in a higher p-value were interpreted as a sign of no significant difference between the two sets. 

  

Isolation of (–)-deoxypodophyllotoxin and (–)-morelensin from N. benthamiana leaves 
Three to five leaves per plant on fifteen to twenty plants were infiltrated with the noted mixture of A. tumefaciens 

strains; harvesting occurred after seven to nine days. After being flash-frozen, leaf tissue was lypophilized for at least 

48 hours. Dry leaf tissue was then pulverized into a fine powder with mortar and pestle. 40 µL for tobacco of methanol 

was added per milligram of dry tissue, and the mixture was refluxed at 65°C for one hour and filtered using vacuum 

filtration. The methanolic extract was then concentrated in vacuo. 

 

(–)-deoxypodophyllotoxin: The dried extract was purified by flash silica chromatography with 9:11 v/v EtOAc/Hxn 

to yield a yellow residue. After flash purification and crude NMR analysis, samples were further purified by 

preparative HPLC using an Agilent 1260 Infinity preparative-scale HPLC system with an Agilent 1100 diode array 

detector and a Clipeus C18 10 µm 250 × 20 mm column (Higgins Analytical), yielding a white powder. Water with 

0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B) were used as the mobile phase components at a flow 

rate of 4.3 mL/min with the following method: 0-10 min, 30-45% B; 10-39 min, 45% B; 39-40 min, 45-97% B; 40-

55 min, 97% B. TLC (EtOAc/Hxn, 9:11 v/v): Rf = 0.3. 1H NMR (600 MHz, Benzene-d6) δ 6.61 (s, 2H), 6.48 (s, 1H), 

6.42 (s, 1H), 5.32 (d, J = 1.4 Hz, 1H), 5.29 (d, J = 1.4 Hz, 1H), 4.42 (d, J = 4.9 Hz, 1H), 3.79 (s, 3H), 3.63 (dd, J = 

8.1 Hz, 7.4 Hz, 1H), 3.51 (s, 6H), 3.04 (dd, J = 10.6 Hz, 8.3 Hz, 1H), 2.35 (m, 1H), 2.18 (dd, J = 16.0 Hz, 5.4 Hz, 

1H), 1.95 (dd, J = 13.9 Hz, 4.9 Hz, 1H), 1.86 (dd, J = 15.9 Hz, 11.7 Hz, 1H). 13C NMR (151 MHz, Benzene-d6) δ 

174.2, 153.7, 147.4, 147.2, 139.1, 136.7, 131.4, 129.0, 110.9, 109.8, 108.6, 101.2, 71.3, 60.4, 56.3, 47.3, 44.2, 32.8, 

32.6. This compound has been isolated previously from the dried steam bark of Bursera fagaroides var. fagaroides 

(7.9 g/g DW isolated yield)7 and from whole plants of Anthriscus sylvestris (no isolation yield reported).8 

 

(–)-morelensin: The dried extract was purified by flash silica chromatography with 30% ethyl acetate in hexanes and 

further purified by preparatory HPLC using the method described above. 1H NMR (500 MHz, Benzene-d6) δ 7.19 (s, 

1H), 6.51 (s, 2H), 6.47 (s, 1H), 6.44 (s, 1H), 5.32 (d, J = 1.3 Hz, 1H), 5.29 (d, J = 1.3 Hz, 1H), 4.42 (d, J = 4.9 Hz, 

1H), 3.66 – 3.58 (m, 4H), 3.36 (s, 3H), 3.03 (dd, J = 10.7, 8.4 Hz, 1H), 2.33 (m, 1H), 2.16 (dd, J = 15.9, 5.3 Hz, 1H), 

1.96 (dd, J = 13.8, 4.9 Hz, 1H), 1.86 (dd, J = 15.9, 11.7 Hz, 1H). 13C NMR (151 MHz, Benzene-d6) δ 174.2, 149.8, 

149.4, 147.4, 147.2, 134.1, 131.9, 128.9, 123.2, 116.0, 111.8, 110.9, 108.6, 101.1, 71.4, 55.9, 55.6, 47.3, 43.7, 32.8, 

32.5. This compound has been isolated previously from the dried exudates of Bursera morelensis (from 680 g of dried 

exudates, no isolation yield reported)9 and the fruits of Anthriscus sylvestris (10 µg/g DW isolated yield).10 

 

All purification procedures were carried out with at least reagent-grade solvents. Standard column chromatography 

technique with SilicaFlash® P60 silica gel (40-63 m) was used for purification. 

 

NMR Analysis 
All spectra were analyzed with MestReNova NMR analysis software. 

 
1H NMR spectra were recorded at room temperature on a Varian 400 (400 MHz), an Inova 500 (500 MHz), or an 

Inova 600 (600 MHz) spectrometer. The Varian 400 was only used for NMRs taken prior to preparatory HPLC. 

Chemical shifts are reported in ppm downfield from tetramethylsilane using solvent resonance as an internal standard 

(Benzene-d6: 7.16 ppm). 

Proton-decoupled 13C NMR spectra were recorded at room temperature on an Inova 600 (151 MHz) spectrometer. 

Chemical shifts are reported in ppm downfield from tetramethylsilane using solvent resonance as an internal standard 

(Benzene-d6: 128.1 ppm). 
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S. hexandrum Gene DNA Sequences 
Laccase 1 (LAC1) 

ATGGGTTCACTTCCAAGGGGAGCATTTCTCATTGCTTTTACCTGTTTATGGTTCTTGCCAGGGCTTATCA

ATGCAAAGAATGCAGAAACTACAAGGCGTTACAAGTTTGATATCAAATTGCAGGATGTGACTAGATTA

TGTCATTCCAAGAGTATCGTAACTGTCAATGGACAATTCCCAGGTCCTCAAATAATAGCGAGAGAAGG

AGACCGAGTGATCATCGAGGTGGTTAACCATGTCCAGGACAATATCACCTTGCACTGGCATGGAATTC

GTCAATTTCGAAGTGGATGGGCTGATGGACCTGAATATATAACCCAATGCCCCATACAGACAGGCCGA

AGCTATGTCTACGACTTCACCATTGTTGAGCAGAGAGGCACTCTCTGGTGGCATGCCCACGCTACATG

GCTGAGGTCTACTGTTCATGGAGCCATCATTATCCTCCCTAAGAACGGTGCCCAATATCCTTTCTCCAA

ACCTTACAAGGAAATGCCTATTATTTTCGGAGAGTGGTTCAATTCAGATACCGAAGCGATTATGAGAG

AGGCTCGACAAACGGGAGGAGGTCCTAATGTCTCTGAAGCTTACACTATTAATGGACTACCAGGACCT

TTGTACGACTGTTCCTCTAAAGATACATTCAAGCTGAATGTAAAGCCTGGGAAGACATATCTTCTCCGA

ATAATAAATGCTGCACTCAACGATGAACTCTTCTTCAGCATAGCCGGCCACACTCTTACCGTTGTCGAA

GCTGATGCAGTCTATGTGAAGCCATTTGAAACTGATACCATCCTTATCAGCCCAGGCCAAACTACAAA

TGTCCTTCTCAAGACCAGACCATACTACCCCAAAGCCACCTTCCTTATGGCTGCTAGACCTTATGCAAC

TGGCCTTGGCACCTTTGACAACTCCACCACTGCTGGAATTCTCGAATACGAAAACTTTTCAGGCAAGA

CTAAGAAATTTCCATTGCTAACACCAACCCTTCCCCATCTAAATGATATCCCATTTGCTACAAAGTTTT

CCAAAAGTCATCGTAGCCTAGCCACTTCTGAGTTCCCGGTTAATGTCCCCAAGATTGTCGATAAACGCT

TCTATTTTACGGTGGGATTGGGATCAAATCCTTGTCCACCCAACCATACATGTCAAGGGCCTTATGGAG

CCAAGTTTGCAGCTTCAGTCAATAATATATCATTTGTACTTCCAACGACAGCTCTACTTCAAACCCATT

TCTTTGGAAAATCCCATGGTGTCTACTCTGCCGATTTCCCTACTAAACCACGTATCCCTTTCGACTACA

CTGGAAACCCTCCAAACAATACTAATGTGGGCAGTGGCTGTAATTTGGTCATGTTACCATTCAACACA

AATGTGGAGCTAGTGTTGCAAGGTACTAGCATTTTTGGTGTTGAGAGCCATCCTCTGCACCTTCATGGA

TATAACTTTTATGTTGTAGGTCAAGGTTTTGGTAACTATGATCCCATCAGGGATCCTAGTAACTTCAAT

CTTGTGGACCCTATGGAGAGAAACACAGTTGGTGTGCCCGCTGGTGGTTGGGTTGCCATTCGATTTCTC

GCAGACAATCCTGGTGTATGGTTCATGCACTGCCATTTGGAAGCCCACACAACCTGGGGCTTGGCCAT

GGCTTGGATAGTCATGGATGGGAAGCTCCCCAATCAGAAATTGCCCCCTCCACCGTCTGATCTTCCCCA

GTGCTAA 

 

Laccase 2 (LAC2) 

ATGGCATCTCTTTGTTTTCCCTCAAGGGGAGCATTTCTCATTGTTTTCACATGTTTATGGTTCTTGCTGG

GGCTTATCAATGCAAAGCATGCAGAAACTACTAGATATTACAAGTTTGATATTAAATTGCAGGCTGTG

ACTAGATTATGTCACACCAAGAGTATCGTTACTGTCAATGGAGAATTCCCAGGTCCTCAAGTAATAGC

GAGAGAAGGAGACCGAGTGATTGTTGAGGTGGTTAACCATGTCGAGGAAAATGTCACCTTGCACTGG

CATGGGATTCGTCAACTTCGAAGTGGATGGGCTGATGGACCTGCATATGTAACTCAATGCCCCATACT

TACAGGCCAAAGCTATGTATACAACTTCACCATTGTAGGGCAGAGAGGCACTCTCTGGTGGCATGCCC

ACACTTCATGGCTAAGGGCGACTCTTTACGGACCGATCATTATCCTACCTAAGCCCGATAGTCAATATC

CTTTCCCCAGACCTTACAAGGAAATACCGGTTATTCTCGGAGAGTGGTTTAATGCGGATACCGAAGCT

GTTATCAAGGAGGCTCTACAAACAGGAGGTGGTCCTAATGTCTCTGATGCTTACACCATTAATGGACT

CCCAGGGCCCTTGTATACCTGTTCCTCTAAAGATATATTCAAGTTGAGTGTGAAGCCTGGGCAGACAT

ATCTTCTCCGAATAATAAATGCTGCACTCAATGATGAGCTCTTCTTCAGCATAGCCGACCACACTCTTA

CCGTTGTCGAAGCTGATGCAGTCTATGTGAAGCCATTTGAAACTGATACCATCCTTATCAGCCCAGGCC

AAACCACAAATGTTCTTCTCAAGACCAGACCATACTACCCCAAAGCCACCTTCCTTATGGCTGCTAGA

CCTTATGCAACTGGCCTTGGTACCTTTGACAACTCCACCACTGCTGGAATTCTCGAATACGAAAACTTT

TCAGACAAGACTAAGAAACTTCCATTGCTAACACCAACCCTTCCCCATCTAAATGATATTCCATTTGCT

ACAAAATTTTCCAAGAGTCATCGTAGCCTAGCCACTTCTGAGTTCCCGGTTAATGTCCCCAAGATTGTC

GATAATCGCTTATTTTTTACCGTGGGATTGGGATCAAATCCTTGTCCACCCAAAGATACATGTCAAGGG

CCTTATGGAGCCAAGTTTGCAGCTGCAGTGAATAATATATCATTTGTACTTCCAACTACAGCTCTACTT

CAAACCCATTTCTTTGGAAAATCACACGGTGTGTACTCCGCTGACTTCCCTACTAAACCACCTATCCCT

TTCGACTACACTGGAAACCCACCAAACAATACTAATGTGGGCAGTGGCACTAATGTGGTGATGTTACC

ATTCAACACAAGTGTGGAGCTAGTGTTGCAAGATACCAGCATTCTTGGTGCTGAGAGCCATCCTCTTC

ACCTTCATGGATTCAATTTCTTTATTGTAGGTCAAGGTTTTGGTAACTATGATCCCAGCAAGGATCCTG

TTAACTTCAATCTTGTGGACCCTATGGAGAGAAACACATGTGGTGTGCCTGCTGGTGGTTGGGTTGCCA

TTCGATTCCTCGCAGACAATCCTGGAGTATGGTTCATGCACTGCCATTTGGAAGCCCACACAAGCTGG

GGATTGAGGATGGCTTGGATAGTTATGGATGGGAAGCTCCCCAATCAGAAATTGCCGCCTCCACCATC

TGATCTTCCCAAGTGCTAA 
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PAL 

ATGGGAAGTTTAGTGCAAGAAAACTCGAATTCAATTCCCAGCTTTTGCATAAAAGAAGACCCATTGAA

TTGGGGTATGGCAGCAGATGCATTGAAAGGAAGTCACCTTGATGAGGTGAAGAAGATGGTCAAGGAG

TATAGACAAGGGGTTGTGAGATTAGGAGGGGAGACCCTTACTATATCCCAAGTAGCTGCAGTTGCTTC

CCATGATCAAGGTGTCAAGGTGGAACTCAATGAGTCAGCAAGGGCAGGTGTTAAAGCTAGTAGTGATT

GGGTTATGGAGAGCATGAACAAAGGTACAGATAGTTATGGTGTTACAACTGGATTTGGTGCTACTTCT

CATAGAAGGACAAAGCAAGGTGGTGCACTGCAGAAGGAGCTCATTAGATTTTTGAATGCCGGAGTCTT

TGGCAATGGAACAGAATCCACCCACACGTTGCCTCACTCAGCAACAAGGGCAGCAATGCTAGTCAGA

ATCAACACTCTCCTCCAAGGCTACTCAGGCATTCGTTTCGAAATCTTGGAAGCCTTGACCAAATTTCTC

GACCACAACATTACCCCATGCTTACCTCTAAGGGGTACAATCACTGCATCCGGTGATCTTGTCCCTCTA

TCCTACATTGCTGGTCTATTGACCGGTAGGCCTAATTCGAAAGCAGTGGGACCTAAAGGTGAAACCCT

CAATGCAGAAGAAGCATTTACCCTAGCTGGTATTAATGGTGGCTTCTTTGAACTGCAACCCAAGGAAG

GACTTGCATTAGTCAATGGTACTGCAGTGGGGTCTGGACTTGCTTCAATGGTTCTATTTGAGGCAAACA

TACTAGCTGTTCTATCTGAAGTTATTTCAGCAATTTTCGCAGAAGTAATGCAAGGGAAACCAGAATTTA

CAGATCATTTGACACATAAGTTGAAACATCACCCAGGCCAAATCGAAGCTGCAGCAATCATGGAACAT

ATTCTTGATGGTAGTTCATATGTTAAGGAAGCAAAAAAGCTACATGAAATGGATCCTCTACAGAAGCC

AAAGCAAGATAGATACGCTCTACGAACTTCTCCACAATGGCTTGGACCTCTGATCGAAGTAATTCGAT

CATCTACCAAGTCAATTGAGCGTGAAATCAATTCGGTCAACGATAACCCATTGATCGATGTCTCCAGA

AACAAGGCTCTCCATGGTGGAAATTTCCAAGGGACGCCAATTGGAGTTTCAATGGACAACACTAGGTT

GGCTATTGCATCGATAGGAAAGCTCTTGTTCGCACAATTCTCTGAGCTTGTTAATGACTTCTACAACAA

TGGGCTGCCTTCAAACTTATCTGGTGGAAGGAATCCTAGCTTGGATTATGGACTCAAGGGTGCTGAGA

TTGCTATGGCTTCCTACTGTTCTGAACTCCAATTCCTAGCAAACCCAGTGACTAATCATGTTCAAAGCG

CAGAACAACACAACCAAGATGTCAACTCTTTGGGTTTAATTTCTTCGAGAAAAACCGCCGAAGCAGTA

GATATCTTGAAGCTCATGTCGTCTACTTTCCTAGTTGGGCTTTGCCAAGCAATTGACTTGAGGCATATA

GAGGAGAATATGAAGAGCTGTGTGAAGAACACAGTTAGTCAAGTGGCTAAGAAAGTACTAACAATGG

GTGTGAACGGGGAGCTTCACCCTTCAAGATTTTGTGAAAAGAACTTGCTCAAGGTGGTTGACAGAGAA

TACACTTTCGCCTACATTGACGATCCATGCCTCGCTACTTACCCTCTAATGCAAAAACTCAGAGAAGTA

CTCGTGGAACATGCGTTGCTAAATGGAGAGAGCGAGAAAGATCCAAACACTTCAATCTTCCAGAAGAT

CAATACATTTGAGGAGGAACTCAAGGCCTTGTTGCCCAAAGAGGTTGAGAGTATAAGAAGTGCTATTG

AGAGTGGAAACCCAGCAATCCCAAACAGGATTAAGGAATGTAGGTCATACCCACTGTACAAGTTTGTA

AGGGGAGAATTGGGAACTGAGCTGTTGACTGGCGAGAAGGTCCGATCACCAGGAGAGGAGATTGACA

AGGTGTTTTCAGCGATGTGCCAAGGGAAGTTGATTGATCCACTTCTAGAATGTGTTGCAGAGTGGAAC

GGTAGCCCTCTTCCTATCTGTTAG 

 

C4H 

ATGGATCTCCTCATCTTAGAAAAAACTCTCATCGGCCTATTCGTCGCCATCATCGGCGCTATCGTAATC

TCTAAACTACGCGGTAAGCGTTTCAAACTCCCTCCAGGACCCATTCCCGTTCCCATTTTCGGTAACTGG

TTACAAGTCGGAGATGACTTAAACCACCGAAACTTAACCGATTTAGCTCGTAAATTCGGCGAAATCCT

CCTCCTCCGCATGGGCCAACGTAATCTCATCGTCGTTTCTTCCCCCGACTTGGCCAAAGAGGTGTTACA

TACTCAAGGCGTTGAGTTCGGTTCCCGGACCCGGAACGTTGTTTTCGACATCTTCACCGGCAAAGGAC

AAGACATGGTTTTCACCGTGTATGGCGAACACTGGAGAAAAATGCGGAGAATCATGACCGTTCCTTTT

TTCACTAATAAGGTTGTTCAGCAGTATAGATTTGGATGGGAGGATGAGATCTCTAGAGTTGTTGAGGA

TGTGAAGAAGATGCCTGAAGCCGCGACGAATGGGATTGTGTTGAGAACAAGGTTGCAGCTTATGATGT

ATAATAATATGTATCGGATTATGTTTGATAGGAGGTTTGAGAGTGTTGATGATGAGCTGTTTCAGAGGT

TGAAGAAATTGAATGGGGAGAGGAGTAGGTTGGCTCAAAGCTTTGATTATAATTATGGTGATTTTATT

CCTATTTTGAGGCCTCTGTTGAGGAAGTATTTGAAGATGTGCAGAGATATGCAGGAGAAGAGGTTGAA

GCTGTTCAAGGATTACTTTCTTGATGAAAGGAAGAAACTAACGAGCACAAAAGGTAGCAACGTTGGG

CTAAAATGTGCCATAGATCACATTGTTGATGCTCAAGAGAAGGGAGAGATTAATGAAGATAATGTTCT

TTACATTGTGGAAAACATCAATGTTGCAGCAATTGAGACTACACTGTGGTCGATTGAGTGGGGAATCG

CAGAGCTCGTAAACCACCCCGAAATCCAACAAAAACTTCGTCATGAGCTCGACACAGTACTTGGACCA

GGCGTGCAAATCACCGAGCCAGACACCCACAAGCTCCCATACCTCCAAGCTGTTATCAAAGAGACCCT

CCGACTCCGCATGGCCATCCCATTGCTAGTCCCACACATGAACCTTCACGATGCTAAACTCGGTGGCTT

TGATATCCCAGCTGAAAGCAAAATCTTGGTTAATGCTTGGTTTCTCGCAAACAACCCCGAACACTGGA

AGAATCCTGAAGAATTCCGTCCCGAAAGGTTCTTGGAAGAGGAAGCTAATGTGGAAGCCAATGGTAA

TGACTTCAGGTACCTGCCATTCGGTGTGGGTAGGAGGAGTTGTCCTGGAATTATACTCGCATTGCCAAT
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TCTGGGAATTACTTTGGGCCGTTTGGTGCAAAATTTCGAGCTTTTGCCACCCCCTGGGCAAGACAAGCT

TGATACTACTGAGAAAGGTGGGCAGTTTAGCATGTTTATTCTGAAGCATTCCACCATTGTTGTTAAGCC

CAGAGTGTTTTGA 

 

4CL 

ATGGAGACTCCTCCCCAAGAGTACATATTCAGGTCCAAACTTCCTGATATCTACATCCCTACTCATCTC

CCTCTACATTCCTATTGCTTCGAAAACATTTCTAAGTTCAGTGACCGGCCATGTCTGATCAATGGTGCC

ACTGGAGAAATCCATACTTACGCCGACGTCGAGCTCATTTCGCGTAAAGTCGCTTCCGGACTGAAAAA

ACTGGGCATCAACCAATACGATGTTATCATGTTACTACTTCCCAATTGCCCCGAATTCGTCTTCACATT

TCTCGGTGCATCGTACCTCGGGGCAATGACAACGACAGCGAATCCATTCTACACGCCTGCTGAAATCG

CCAAACAGGCGAAAGCGTCCAACGCGAAGCTTGTGTTAACACAAGCTTCCTACGTGAGCAAACTCACC

GAGTTTGCACGTGAGAATGATATTAAGATTATGTGCATTGATTCTCCTCCAGCAGAGGAGAATTGGTT

ACATTTCTCTGAGTTAACTCAGTCGGACGAGACTGAATTAACTCAGGTGGAGATTGCGCCGGACGATG

TTGTGGCACTGCCCTATTCATCCGGCACGACTGGGTTACCAAAAGGTGTTATGCTGACGCATAAAGGG

TTGGTGACTAGTGTGGCACAGCAGGTTGATGGGGAGAATCCTAATTTGTACATGCACAGTGAGGATGT

GATGATATGTGTGTTGCCTATGTTTCACATTTACTCGCTTAACTCGGTTTTGTTGTGCGGGTTACGAGTT

GGCGCGGCGATTTTGATTATGCAGAAGTTTGATATTTTACAGTTGTTGGAGTTGGTTCAGAAGTATAAG

GTGACGATTGCGCCGTTCGTTCCTCCGATCGTGCTCGCCATTGTCAAAAACCCAGCTTCTGAAAAATAC

GATCTGTCGTCGATTCGGACGGTCATGTCCGGTGCTGCACCTATGGGGAAGGAGCTTGAGGACAATTT

GAGGGCTAAGCTTCCTAATGCCAAATTGGGACAGGGATATGGAATGACAGAAGCAGGGCCGGTGTTG

GCAATGTGTTTGGCTTTTGCAAAGGAGCCATATGAAATTAAATCAGGGTCATGTGGAACTGTTGTTAG

AAATGCTGAGATGAAGATTGTGGATCCAGATACCGGTTTATCCCTGCCTCGAAATCAACCCGGAGAGA

TTTGTATTAGGGGAGCTCAGATCATGAAAGGTTATGTTAATGATCCTGAGGCAACTGCTGCAACCATA

GACAAAGAAGGTTGGTTACATACAGGTGACATAGGCTATATCGATGACGACAATGAGCTTTTTATCGT

GGATCGATTGAAGGAGCTGATTAAGTACAAAGGGTTCCAAGTTGCACCTGCTGAACTCGAAGCCATGC

TGATTAACCACCCCAACATCTCTGATGCTGCTGTTGTCTCAATGAAGGATGATGCTGCAGGAGAGATT

CCCGTGGCTTTCATCGTGAGATCAAACGGCTCACAGATTACTGAGGACGAAATCAAGCAATATGTCGC

GAAACAGGTGGTGTTCTACAAAAGGATAGGCAAAGTGTTCTTCGTCGACAACATTCCGAAGGCGCCAT

CGGGCAAAATCCTGAGGAAGGATTTAAGAGCAAGGCTAGCAGCTGGTCTTCCTAATTAG 

 

HCT 

ATGATTATTAACGTGAAGGAATCAACAATGGTGACCCCAGCAGAAGAAACCCCAAGGAGAAGCCTCT

GGAACTCTAATGTAGACTTGGTCGTGCCCAGAATGCACACACCTAGTGTTTACTTCTATAGACCCAATG

GTTCCTCTAGCTTTTTTGATTCCAAGGTGCTCAAGGAGGCCTTGAGTAAGGCCCTTGTACCGTTCTACC

CTATGGCTGCAAGGCTCAAGAGGGATGAAGATGGTAGGATTGAGATTGATTGTGATGGACAAGGGGT

GTTACTTGTGGTGGCGGAAACCGGATCCGTTATCGATGATTTCGGGGATTTCGCACCTACTTTGGAGCT

CCGGCAACTCATTCCGGCCGTTGATTACTCCGGCGACATTTCGTCATATCCACTTCTTGTGTTGCAGGT

GACTCATTTCAAATGTGGCGGAGTCTCACTGGGAGTTGGGATGCAACACCACGTCGCGGATGGAGCCT

CTGGCCTTCACTTCATCAACACATGGTCTGACATGGCACGTGGCCTTGATCTCACCATCCCACCCTTCA

TCGACCGCACCCTCCTGCGTGCACGTGACCCACCTACACCTGTCTTTAAACACGTCGAATACCAACCTC

CTCCTCCTATGAAAACCCCAATTCCTCAATCGACACCCACTGAAACATCGGTAGCTATTTTCAAGATGA

CTCGTGAACAAGTAAGCACCCTCAAAGCCAAATCAAAAGAAGATGGCAATACCATAAATTACAGTTCT

TATGAAATGTTGGCTGGACATGTATGGCGCTCCGCATGTAAGGCGCGTGGGTTATCTGATGATCAAGA

AACCAAAATGTATATTGCTACTGATGGACGATATAGATTGCGCCCAGCTCTTCCACCAGGTTATTTTGG

CAATGTGATCTTCACAACCACCCCAACTTCAGTATCCGGGGACTTGAACACAAAGCCGCTACACTATG

CCGCAGGTGTAATTCACAATGCATTAGTGCGAATGGACGATGAGTACATGCGATCAGCCCTCGATTAC

CTAGAAATGCAGCCTGATCTTTCAGCCCTTGTGCGTGGGGCACACACATTTAAATGTCCAAATCTTGGC

ATCACAAGCTGGACGCGCCTTCCGATTCATGATGCTGATTTTGGTTGGGGGCGACCCATTTTTATGGGA

CCAGGAGGGATTGCTTACGAGGGACTCGCGTTTATGTTGCCAAGCCCTAACGGTGATGGCAGCTTGTC

CTTGGCTATTTCGTTACAGCCCGAGCACATGAAACATTTTGAAAAAATTTTGTATGAGTTTTAG 

 

C3H: 

ATGGCTCTCTTCGTGTTCTTCCTCATCCCCATTTTCATCATCCTTGCTTACAACATCTACCATCACCTGA

GATTCAAACTCCCACCAGGCCCAAAACCATGGCCCATAGTAGGAAACTTGTACGACATCAAACCAGTG

AGATTCCGGTGCTTTGCAGAATGGGCTCAGATATACGGCCCCATCATTTCAGTCTGGTTTGGATCAACG

TTGAACGTTGTGGTGACAAATTCTGAATTGGCAAAGGAGGTGTTGAAGGAGAAAGATCAACAGTTGG
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CTGATAGACATAGGAGCAGATCAGCTGCCAAGTTTAGTAGAGATGGGACTGATTTGATTTGGGCTGAT

TATGGGCCTCACTATGTTAAGGTGAGGAAGGTTTGTACGCTTGAGCTTTTCTCTCCTAAAAGGCTTGAA

GGTCTTAGGCCCATTAGAGAAGATGAAGTTACTGCCATGGTTGAATTCATCTTCATTGATTGTACCAAA

CCAGAAAATTATGGCAAGAGTGTGGTGGTGAAGAAGTACTTGGGTGCAGTGGCATTCAACAATATAA

CACGACTCGCCTTTGGAAAACGCTTTGTGAATGCAGACGGCGTGATGGATGAGCAAGGAGTTGAATTT

AAGGCAATTGTGGCCAATGGATTAAAGCTTGGTGCATCACTTGCCATGGCTGAACACATTCCATGGCT

CCGCTGGATGTTCCCATTAGAGGAGGGGGCATTCGCTAAACATCAGGCTCGTAGGGATCGTCTCACTA

GAGCTATTATGGAAGAGCACACTGCTGCCCGTCAAAAGAGTGGTGGTGCCAAGGAACATTTTGTCGAT

GCATTGCTCACTCTTCAGGAGAAATATGATCTCAGTGAGGATACCATCATGGGGCTTCTGTGGGACAT

GATCACTGCTGGGATGGACACAACTGCAATATCAGTTGAATGGGCTATGGCGGAGCTAATCAAGAATC

CAAGGGTCCAAGAAAAGGCCCAAGAAGAATTGGATCGAGTCATTGGGTTTGAACGTGTCATGACTGA

GACCGACATCTCCAACCTTACCTACCTACAATGTGTCGCGAAAGAGGCACTCCGGTTGCACCCTCCAA

CTCCACTCATGCTCCCCCACAAGGCCAATGCCAATGTTAAGATAGGTGGCTATGATATCCCCAAGGGA

TCCAACATGCATGTCAATGTATGGGCTGTGGCTCGTGATCCTGCTGTATGGAAGGAACCACTAGAATT

TAGGCCAGAACGGTTCATGGAAGAGGATGTCGATATGAAGGGACATGATTACAGATTACTACCATTTG

GTGCTGGGCGACGAATCTGTCCTGGGGCACAACTGGGTATTAACCTGGTGACATCAATGATAGGTCAC

TTGTTGCACCATTTTCGTTGGGCTCCACCTGAAGGGGTTCGGCCCGAAGAGATCGACATGTCAGAAAA

CCCTGGAATGGTAACATACATGACGACCCCATTGCAAGCAGTCCCTACACCTAGGTTGCCCTCACAGC

TATACAAACGCATGGCCGTGGACATGTGA 

 

CCoA-OMT 

ATGGCAACCAACCAGACTGAGCAAACAAACAGCCAGAACATGAGACATGCTGAGGTTGGGCACAAGA

GTCTTCTCCAAAGCGATGCTCTCTACCAGTACATACTCGAAACAAGTGTGTATCCAAGGGAGCCACAA

GCCATGAAAGAACTCCGTGAGATTACAGCCAACCATCCTTGGAACCTGATGACAACCTCTGCTGATGA

GGGACAGTTTTTGGCGATACTTCTTAAGTTGATTAACGCCAAAAACACCATGGAGATTGGTGTTTTTAC

TGGATATTCTCTCCTTGCAACTGCTCTTGCTCTTCCTGAAGATGGAAAGATCTTGGCGATGGACATCAA

CCGGGAGAACTACGAAATTGGTCTGCCTGTAATTCAAAAAGCTGGAGTGGCTCATAAGATTGATTTTA

GAGAAGGACCAGCTTTGCCTGTTCTTGACCAAATGATCGAAGATGAGAAGTACCATGGATCGTTCGAT

TTCATATTCGTGGACGCTGACAAGGATAACTATCTCAATTACCACAAGAGATTGATCGATTTGGTGAA

GGTTGGAGGAGTGATAGGATATGACAACACTCTGTGGAGTGGATCGGTTGTTGCCCCACCAGATGCAC

CCATGCGCAAGTACGTGAGGTACTACAGGGACTTCGTGATGGAGCTCAACAAGGCATTGGCAGCAGA

TCCAAGGATCGAGATTTGCCAGCTCCCAGTCGGCGATGGAATCACCATCTGCCGTCGTCTCAGCTGA 

 

CCR 

ATGCCTGTTGACAGTTCGTTACCTTCCAGTCAAACTATCTGCGTCACCGGCGCCGGAGGTTTCATCGCT

TCATGGATGGTCAAGCTTTTGTTGGAGAGAGGTTATACTGTTAAAGGAACTGTCAGAAATCCAGATGA

TGATGCGAAAAACGCTCATTTGAAGGCTCTTGAAGGAGCGAATGAGAGATTGATTTTATGCAAAGCGG

ATCTCCTTGACAGGGAGAGCCTTCATGAAGCGATTCAAGGCTGTCATGGAGTTTTCCACACTGCATCA

CCTGTTACTGATGATCCGGAACAAATGGTGGAGCCAGCAGTGAACGGAACGAAATATGTGATTGATGC

AGCGGCGGCAGCTGGTGTTCGTCGAGTTGTTTTCACCTCATCAATTGGTGCGGTCACCATGGATCCTAA

TCGGGGTCCTGATGTTGTTGTTGATGAGAGTTGTTGGAGCGATCTTGAATTCTGCAAAGCCACAAAGA

ATTGGTATTGTTATGGAAAGGCAGTGGCTGAGAAAGCAGCAGTAAAGATGGCAAAAGAGAAAGGAGT

GGACTTGGTGGTGGTGAACCCAGTACTGGTGATGGGTCCACTCCTTCAACCGACTGTTAACGCTAGCA

TTGTTCACATACTCAAGTATCTCACTGGCTCCGCAAAGACCTACGCCAACTCTATTCAGGCTTATGTGG

ACGTGAGGGATGTGGCATTAGCTCACATCCTTGTTTACGAGACTCCCTCTGCGCAAGGGAGGTATCTG

TGTGCTGAGAGCGTGCTTCACCGTGGAGATGTGGTTGAAATACTATCCAAGTTCTTCCCAGAATACCCT

GTGCCAATGAAGTGCTCGGATGAAGTGAAGCCAAGAGTTAAACCATACAAGTTTTCAAACCAGAGGC

TCAGGGACATAGGCCTGGAGTTTACACCAGTGAAGCAAAGTTTGTACGAGACCGTGAGGAGCCTACA

GGAGAAAGGCCATCTTCCCATCCCTACCCAAAACGACGAATCCCTCCGCATTCAGTCTTGA 

 

CAD 

ATGGGTAGTATTGAAGTTGATAGAACCACTACAGGTTGGGCTGCTAGAGACCCATCTGGGATTCTGTC

TCCTTACACTTACCCATTAAGGAGCACCGGCCCCGAAGATGTGTACATCAAGGTCATCTTCTGTGGTGT

TTGCCACACAGATATTCACCAAGCTAAAAATGATCTCGGCATGTCAAACTACCCCATGGTTCCTGGGC

ACGAAGTTGTGGGTGAAGTACTAGAGGTTGGATCAGATGTGACAGCATTCACAGTAGGACAGAAGGT

GGGAGTAGGATGCATCGTTGGATCTTGCAAGCAGTGTTCTTCATGCAAATCAAAGATCGAGCAGTATT
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GTAACAAGAGGATTTGGTCTTATAATGATGTTTACGTTGATGGAAAGCCTACTCAAGGAGGCTTTGCT

GGTGCCATGGTTGTTGATCAAAAGTTTGTGGTGAAAATACCCCAAGGACTGGAGCCAGAACAAGCAG

CACCACTACTATGCGCAGGGCTGACAGTGTACAGCCCATTGAGGCATTACAATCTGACCAACAGTGGG

CTTAGAGGAGCCATACTGGGCCTTGGAGGAGTGGGTCATATGGGTGTGAAGATAGCAAAGGCCATGG

GCCATCATGTAACAGTCATAAGCTCTTCTGAAAAGAAGAAAGAGGAAGCTATGGCACATTTGGGTGCT

GATGCTTACCTCGTGAGCTCAGATGCTGATCAGATGCAGCAGGCTGCGGATAGCCTTGATTACATACT

GGACACTGTGCCTGTTGGCCATCCACTTGAGCCCTATCTTTCTTTGTTGAAGGTGGATGGGAGGTTGAT

CATCATGGGTGTCATTGCTCAGCCTTTGCAGTTTGTTTCTCCTATGCTCATGCTGGGGAGGAAGTCGAT

TTCTGGAACATTCATTGGAAGCATAGAGGAGACCGGAGAGATGCTCAAGTTTTGCAAGGAGAAAGGG

ATAAGGTCGATGATCGAAGTGGTGAAGATGGACTATATCAACAAAGCTTTGGAAAGGTTGGAGAAGA

ATGATGTGAGATACAGATTTGTTGTTGATGTTGCTGGTCTTATAATGATGTTTACGTTGATGGAAAGCC

TACTCAAGGAGGCTTTGCTGGTGCCATGGTTGTTGATCAAAAGTTTGTGGTGA 
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Supplementary Tables and Schemes 
 

Table S1. Selection of putative coniferyl alcohol biosynthetic gene candidates according to co-

expression with etoposide aglycone pathway biosynthetic enzymes. Brighter yellow colors 

indicate higher expression profile correlation to that of the dirigent protein gene, while darker 

colors indicate lower expression profile correlation. Numbers in boxes are Pearson’s r values 

calculated from linear regressions of expression levels (effective counts, TMM-normalized, log2-

scaled, and median-centered) for the transcripts being compared measured at four time points post-

leaf wounding across three biological replicates (See Supplementary Reference 1 for original 

RNA-Seq data). The averages on the right are averages of the Pearson’s r values for their respective 

columns. Selected transcripts are marked with an underline. Some transcripts may be from the 

same candidate gene. 
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Table S2. Candidate coniferyl alcohol biosynthetic genes from Sinopodophyllum hexandrum and 

their closest characterized homolog in the model plant Arabidopsis thaliana according to The 

Arabidopsis Information Resource (TAIR). 

 
Number of Amino 

Acids 
TAIR BLASTX Top 

Hit 
Num. AAs in TAIR 
BLASTX Top Hit 

TAIR BLASTX Top 
Hit %ID, %positve 

Putative ShPAL 716 
AT2G37040.1, 

PAL1 
725 82, 91 

Putative ShC4H 504 
AT2G30490.1, 

C4H 
505 77, 86 

Putative Sh4CL 542 
AT1G516801,  

4CL1  
561 73, 86 

Putative ShHCT 431 
AT5G48930.1, 

HCT 
433 76, 84 

Putative ShC3H 508 
AT2G40890.1, 

CYP98A3 (C3H) 
508 79, 89 

Putative ShCCoA-OMT 248 
AT4G34050.3, 
CCoAOMT1 

286 85, 95 

Putative ShCCR 337 
AT1G15950.3, 

CCR1 
344 66, 75 

Putative ShCAD 357 
AT4G34230.1, 

CAD5 
357 69, 80 

 

 

https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT2G37040
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT2G30490
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G51680
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT5G48930
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT2G40890
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT4G34050
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT1G15950
https://www.arabidopsis.org/servlets/TairObject?type=locus&name=AT4G34230
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Table S3. Results of large-scale DPT (A) and (–)-morelensin (B) production and isolation using 

optimized conditions. 

 

A. 

(–)-deoxypodophyllotoxin (DPT) 

Trial 

Number of 
Days from 

Infiltration to 
Harvest 

Number of 
Plants and 

Leaves 

Total Mass 
of Dried 

Leaves (g) 

Theoretical 
Yield based 
on LC-MS 

(mg) 

Mass of Isolate 
from Preparative 

HPLC (mg) 

Pure Yield (mg/g 
DW) and Percent 

Yield 

1 7 15, 72 2.2421 did not record 1.6 0.71, - 

2 9 15, 72 1.5004 did not record 0.9 0.60, - 

3 9 15, 72 2.2481 2.82 1.2 0.53, 43% 

4 9 20, 75 3.9302 2.18 1.8 0.46, 83% 

 

B. 

(–)-morelensin 

Trial 

Number of 
Days from 

Infiltration to 
Harvest 

Number of 
Plants and 

Leaves 

Total Mass 
of Dried 

Leaves (g) 

Theoretical 
Yield based 
on LC-MS 

(mg) 

Mass of Isolate 
from Preparative 

HPLC (mg) 

Pure Yield (mg/g 
DW) and Percent 

Yield 

1 8 20, 64 2.4858 1.6 1.0 0.40, 63% 

2 9 23, 70 2.1206 did not record 2.9 1.4, - 
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Table S4. Candidate laccases from Sinopodophyllum hexandrum and their closest characterized 

homolog in the model plant Arabidopsis thaliana according to The Arabidopsis Information 

Resource (TAIR). 

 

 
Number of Amino 

Acids 
TAIR BLASTX Top 

Hit 
Num. AAs in TAIR 
BLASTX Top Hit 

TAIR BLASTX Top 
Hit %ID, %positve 

Putative ShLAC1 573 
AT5G60020.1, 

LAC17 
577 71, 83 

Putative ShLAC2 576 
AT5G60020.1, 

LAC17 
577 66, 77 
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Table S5. Primers for cloning candidate S. hexandrum laccases and coniferyl alcohol biosynthetic 

genes from S. hexandrum cDNA. Capitalized part of sequence indicates part of primer overlapping 

with the candidate gene sequence. Lowercase part indicates part of primer overlapping with the 

plasmid sequence. The six letter lowercase parts spaced separately from the longer parts indicate 

the cut sites of the restriction enzymes used. 

 

 Forward Primer Sequence Reverse Primer Sequence 

Putative 
ShLAC1 

attctgcccaaattcgcg accggt 
ATGGGTTCACTTCCAAGG 

gaaaccagagttaaaggc ctcgag 
TTAGCACTGGGGAAGATCAGACGG 

Putative 
ShLAC2 

attctgcccaaattcgcg accggt 
ATGGCATCTCTTTGTTTTCCCTCAAGG 

gaaaccagagttaaaggc ctcgag 
TTAGCACTTGGGAAGATCAGATGG 

Putative 
ShPAL 

attctgcccaaattcgcg accggt 
ATGGGAAGTTTAGTGCAAGAAAAC 

gaaaccagagttaaaggc ctcgag 
CTAACAGATAGGAAGAGGGCTACC 

Putative 
ShC4H 

attctgcccaaattcgcg accggt 
ATGGATCTCCTCATCTTAGAAAAAACTCTC 

gaaaccagagttaaaggc ctcgag 
TCAAAACACTCTGGGCTTAACAAC 

Putative 
Sh4CL 

attctgcccaaattcgcg accggt 
ATGGAGACTCCTCCCCAAGAGTACATATTC 

gaaaccagagttaaaggc ctcgag 
CTAATTAGGAAGACCAGCTGCTAG 

Putative 
ShHCT 

attctgcccaaattcgcg accggt 
ATGATTATTAACGTGAAGGAATCAAC 

gaaaccagagttaaaggc ctcgag 
CTAAAACTCATACAAAATTTTTTC 

Putative 
ShC3H 

attctgcccaaattcgcg accggt 
ATGGCTCTCTTCGTGTTCTTCCTC 

gaaaccagagttaaaggc ctcgag 
TCACATGTCCACGGCCATGCGTTTGTATAG 

Putative 
ShCCoA-OMT 

attctgcccaaattcgcg accggt 
ATGGCAACCAACCAGAC 

gaaaccagagttaaaggc ctcgag 
TCAGCTGAGACGACGGCAGATG 

Putative 
ShCCR 

attctgcccaaattcgcg accggt 
ATGCCTGTTGACAGTTCGTTACCTTC 

gaaaccagagttaaaggc ctcgag 
TCAAGACTGAATGCGGAGGGATTC 

Putative 
ShCAD 

attctgcccaaattcgcg accggt 
ATGGGTAGTATTGAAGTTGATAGAACC 

gaaaccagagttaaaggc ctcgag 
CTAAGCATCAAGCTTGCTTCCAGC 
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Scheme S1. Canonical coniferyl alcohol biosynthetic pathway. The shunt pathway that skips the 

activity of HCT, a shikimate/quinate transferase, is thought to occur to some extent, but its 

biological relevance remains unclear. 

Abbreviations: PAL: phenylalanine ammonia-lyase; C4H: cinnamate 4-hydroxylase; 4CL: 4-

coumarate:CoA ligase; HCT: hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyl 

transferase; C3H: coumarate 3-hydroxylase; CCoA-OMT: caffeoyl CoA O-methyltransferase; 

CCR: cinnamoyl CoA reductase; CAD: cinnamyl alcohol dehydrogenase. 
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Supplementary Figures 
 

 

 
Figure S1. Chemical structures of (–)-podophyllotoxin, the current semi-synthetic precursor to 

etoposide; the etoposide aglycone, a molecule that can be accessed biosynthetically and that is 

synthetically closer to etoposide due to its demethylated lower ring oxygen and epimerized upper 

core hydroxyl group; and etoposide itself. 
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Figure S2. Production of DPT in N. benthamiana plants transiently expressing the DPT pathway 

genes in addition to either the eight coniferyl alcohol biosynthetic genes (right) or an equal total 

level of GFP according to the OD of the A. tumefaciens strains (left). Bars depict mean (± SD) and 

dots depict individual biological replicates for each set of conditions. 
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Figure S3. Replicate of the experiment shown in Figure 2 with a different batch of plants. Bars 

depict mean (± SD) and dots depict individual biological replicates for each set of conditions. Grey 

boxes indicate presence of the given Agro. strain in the mixture, while “#x” labels show the relative 

OD proportion of the relevant strain compared to each individual strain in the DPT pathway. 

Asterisks indicate a significant difference between sets, with p < 0.05 according to Welch’s t-test. 

Certain set pairings with no significant difference are denoted with “n.s.” Data are shown here to 

demonstrate the variation present in these types of experiments: while the addition of PAL with 

the rest of the coniferyl alcohol biosynthetic enzymes clearly results in a very large, significant  

increase compared to the GFP-only control, the contributions of some of the other individual 

enzymes in the pathway is not as clear.  
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Figure S4. Determination of the individual roles of CAD, CCR, and CCoA-OMT in DPT 

production via sequential addition. (A) and (B) show two replicates of the same experiment with 

different batches of plants. Bars depict mean (± SD) and dots depict individual biological replicates 

for each set of conditions. Asterisks indicate a significant difference between sets, with p < 0.05 

according to Welch’s t-test. Some other low p-values are shown for comparison purposes. P-values 

greater than 0.2 are marked with “n.s.” for “not significant.” PW = pathway. 
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Figure S5. Determination of the roles of CAD and CCR in DPT production. Bars depict mean (± 

SD) and dots depict individual biological replicates for each set of conditions. Asterisks indicate a 

significant difference between sets, with p < 0.05 according to Welch’s t-test. Some other low p-

values are shown for comparison purposes. (A) shows an experiment in which the impact of these 

two genes was tested in isolation and combination, while (B) shows an experiment in which the 

impact of the lack of either or both of these genes was tested with the inclusion of the other 

coniferyl alcohol biosynthetic genes. All significance tests in B are comparisons with the right-

most set (DPT pathway + full CA pathway). PW = pathway. 
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Figure S6. Determination of the collective role of C3H, HCT, 4CL, and C4H in DPT production. 

(A) and (B) show two replicates of the same experiment with different batches of plants. 

Expression of these four enzymes does not appear to contribute significantly to flux according to 

the “stepwise addition” experiments of Figures 2 and S3; hence they were tested here together to 

determine if they could be left out completely without decreasing DPT production. Bars depict 

mean (± SD) and dots depict individual biological replicates for each set of conditions. Asterisks 

indicate a significant difference between sets, with p < 0.05 according to Welch’s t-test. Another 

(low) p-value is shown for comparison purposes. PW = pathway. 
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Figure S7. Determination of the roles of CCoA-OMT, C3H, HCT, 4CL, C4H, and PAL in DPT 

production. Bars depict mean (± SD) and dots depict individual biological replicates for each set 

of conditions. (A) includes a “drop-out” experiment for CAD, while (B) includes combination 

“drop-out” experiments with C3H, HCT, 4CL, and C4H. Asterisks in both panels indicate a 

significant difference between the given set and the full coniferyl alcohol pathway set (farthest 

right in each panel), with p < 0.05 according to Welch’s t-test. PW = pathway. 



 

 S24 

 
 

Figure S8. Impact of PAL expression on DPT production with and without GFP expression. (A) 

and (B) show two replicates of the same experiment with different batches of plants, in which the 

goal was to ensure that lack of GFP expression was not the reason for the increase in yields rather 

than inclusion of PAL expression. Here, “blank” refers to a volume of Agrobacterium induction 

media added to the infiltration mixture in place of a volume of GFP-harboring A. tumefaciens 

strain. Bars depict mean (± SD) and dots depict individual biological replicates for each set of 

conditions. Asterisks indicate a significant difference between sets, with p < 0.05 according to 

Welch’s t-test. Some other low p-values are shown for comparison purposes. PW = pathway. 
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Figure S9. Impact of total A. tumefaciens strain mixture OD600 on DPT yield. (A) and (B) show 

two variations of the same experiment (done months apart). All experiments shown include the 

full DPT and coniferyl alcohol biosynthetic pathways. Bars depict mean (± SD) and dots depict 

individual biological replicates for each set of conditions. 
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Figure S10. Impact of infiltration-to-harvest time on DPT accumulation/production. Bars depict 

mean (± SD) and dots depict individual biological replicates for each set of conditions. Each cluster 

of three bars represents three plants total. “Top” vs. “middle” vs. “bottom” leaf indicates relative 

age of each leaf at the time of infiltration (all infiltrations occurred at the same time). “Top” leaves 

are newer, while leaves lower on the plant stem (“bottom”) are older. 
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Figure S11. Production of ( )-4’-demethyl-5’-desmethoxy-epipodophyllotoxin (5’-desmethoxy-

EA) and its precursors in N. benthamiana detected by LC-MS with (A) exogenous coniferyl 

alcohol addition (1 mM) or (B) CA pathway expression. With co-expression of CA pathway 

enzymes and with any combination of EA pathway genes including 2-ODD, (–)-bursehernin 

accumulation is observed from incomplete processing by 2-ODD, likely due to an order of 

magnitude increase of the precursor, (–)-bursehernin, supply. As denoted in the chemical structures 

drawn above, ( )-matairesinol, ( )-pluviatolide, and ( )-bursehernin were detected as [M+H]+, and 

( )-morelensin, ( )-5’-desmethoxy-epipodophyllotoxin, (–)-4’-demethyl-morelensin and 5’-

desmethoxy-EA as [M+Na]+. Red arrows indicate in-source fragmentation products of the 

glycosylated derivatives of corresponding compounds. Acid hydrolysis treatment allowed 

recovery of the parent compounds compared against authentic standards (blue traces: acid-

hydrolyzed plant extracts; green traces: authentic standards; see Figure S12 for putative structures 

for the last three compounds). Data bars indicate the mean peak integration of corresponding 

extracted ion chromatogram (EIC) traces, and error bars standard deviations from three biological 

replicates. Gray-shaded boxes indicate enzymes expressed in combination via Agro.-infiltration.  
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Figure S12. MS/MS spectra of putative (–)-5’-desmethoxy-epipodophyllotoxin, (–)-4’-demethyl-

morelensin, and 5’-desmethoxy-EA, and proposed structures for the fragmentation patterns.  
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Figure S13. Impact of laccase candidate expression on DPT production. (A) and (B) show results 

from two replicates of the same experiment with different batches of plants. Bars depict mean (± 

SD) and dots depict individual biological replicates for each set of conditions. Color indicates 

absence ( CA) or presence (+CA) of coniferyl alcohol infiltration. No significant differences in 

DPT production between expression of laccase candidates and GFP were observed. 
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Supplementary Spectra 

 
Spectrum 1. 1H-NMR of isolated ( )-deoxypodophyllotoxin from N. benthamiana leaves during 

large-scale trial (20 plants, 75 leaves). Post-silica gel column flash purification and post-

preparative-HPLC. 
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Spectrum 2. 13C-NMR of isolated ( )-deoxypodophyllotoxin from N. benthamiana leaves during 

large-scale trial (20 plants, 75 leaves). Post-silica gel column flash purification and post-

preparative-HPLC.  
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Spectrum 3. 1H-NMR of isolated ( )-morelensin from N. benthamiana. 

 

 
 

  

-1.00.01.02.03.04.05.06.07.08.09.010.0
f1 (ppm)

1
.0

5
1

.0
3

1
.0

5
1

.0
6

1
.1

9
3

.2
4

4
.2

6

1
.0

5

1
.0

3
1

.0
7

1
.0

0
1

.0
1

1
.9

5

1
.1

3

1
.8

3
1

.8
5

1
.8

6
1

.8
9

1
.9

4
1

.9
5

1
.9

6
1

.9
7

2
.1

4
2

.1
5

2
.1

7
2

.1
8

2
.3

3
3

.0
2

3
.0

3
3

.0
4

3
.0

5
3

.3
6

3
.6

1
3

.6
2

3
.6

2
3

.6
3

4
.4

2
4

.4
3

5
.2

9
5

.2
9

5
.3

2
5

.3
2

6
.4

4
6

.4
7

6
.5

1
6

.5
2

7
.1

6
 C

6
D

6
7

.1
9

OCH3

OCH3

O

O

O

O



 

 S33 

Spectrum 4. 13C-NMR of isolated ( )-morelensin from N. benthamiana leaves. 
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